Based on eddy-permitting ocean circulation model outputs, the mesoscale variability is studied in the Sea of Okhotsk. We confirmed that the simulated circulation reproduces the main features of the general circulation in the Sea of Okhotsk. In particular, it reproduced a complex structure of the East-Sakhalin current and the pronounced seasonal variability of this current. We established that the maximum of mean kinetic energy was associated with the East-Sakhalin Current. In order to uncover causes and mechanisms of the mesoscale variability, we studied the budget of eddy kinetic energy (EKE) in the Sea of Okhotsk. Spatial distribution of the EKE showed that intensive mesoscale variability occurs along the western boundary of the Sea of Okhotsk, where the East-Sakhalin Current extends. We revealed a pronounced seasonal variability of EKE with its maximum intensity in winter and its minimum intensity in summer. Analysis of EKE sources and rates of energy conversion revealed a leading role of time-varying (turbulent) wind stress in the generation of mesoscale variability along the western boundary of the Sea of Okhotsk in winter and spring. We established that a contribution of baroclinic instability predominates over that of barotropic instability in the generation of mesoscale variability along the western boundary of the Sea of Okhotsk. To demonstrate the mechanism of baroclinic instability, the simulated circulation was considered along the western boundary of the Sea of Okhotsk from January to April 2005. In April, the mesoscale anticyclonic eddies are observed along the western boundary of the Sea of Okhotsk. The role of the sea ice cover in the intensification of the mesoscale variability in the Sea of Okhotsk was discussed.
Introduction
Studying mesoscale variability is critical for improving our understanding about how the basin circulation functions (Lapeyre 2009; Stammer 1997; Koshlyakov and Monin 1978) . Analyzing this variability, it is necessary in its quantitative description. In order to uncover causes and mechanisms of the generation of the mesoscale variability, it is necessary to understand the role of the basin-scale Institute of Numerical Mathematics of the RAS, Moscow, Russia circulation and atmospheric forcing in this generation. Instability (in particular, baroclinic and barotropic) of the basin-scale currents is underlying an interaction between the basin-scale circulation and mesoscale motions (Stammer 1997; Ferrari and Wunsch 2010) . A quantitative estimation of this interaction is necessary to estimate a contribution of this instability in the generation of the mesoscale variability (von Storch et al. 2012; Stammer 1997) . Also, it is very important to estimate a contribution of the atmospheric forces including wind power input in the generation of the mesoscale dynamics (Wunsch 1998) . Challenges of studying mesoscale variability at high latitudes are associated with decreasing spatial scale of the mesoscale motions and the existence of the vast scape of the basin covered by sea ice.
The Sea of Okhotsk is one of the marginal seas of the northwestern Pacific Ocean. This sea is situated at high latitudes and, being in the southernmost sea, is covered by sea ice during the year. The Okhotsk Sea circulation is a subject of high scientific interest (Ohshima et al. 2002; Mizuta et al. 2003) , because this basin is the source of intermediate water in the western North Pacific (Talley 1991; Gladyshev et al. 2003; Fukamachi et al. 2004 ). In winter, dense shelf waters generated over the northwestern shelf of the Sea of Okhotsk are transported by the East-Sakhalin Current (ESC) in the Kuril Basin, where they are mixed by mesoscale eddies and tides. Shcherbina et al. (2004) , based on the datasets obtained from the moorings deployed at the northwestern Sea of Okhotsk, have discovered sharp changes in the density increase in late February. Authors supposed that these sharp density changes were induced by baroclinic instability of the density front. The basin-scale circulation in the Sea of Okhotsk is cyclonic and the ESC is a major component of this circulation (Luchin 1998; Ohshima et al. 2002) . The ESC is a southward current and follows along the western boundary of this sea. Ohshima et al. (2002) , using satellite-tracked drifter data, showed that the ESC consists of the nearshore and offshore components. The nearshore component spreads over the eastern Sakhalin shelf and the offshore component flows over the continental slope and, being the part of the basin-scale cyclonic gyre, covers the central part of the Sea of Okhotsk. Smizu and Ohshima (2006) have established that wind stress is a major driver of the basin-scale circulation in the Sea of Okhotsk. The dominating positive wind stress curl drives a cyclonic gyre in the central part of the Sea of Okhotsk and the offshore component of the ESC. The alongshore wind stress component is a major driver of the barotropic component of the alongshore component of the ESC. The baroclinic part of the alongshore component of the ESC is associated with the Amur River discharge (Mizuta et al. 2003) . The strong seasonal variability of the wind stress promotes the strong seasonal variability of the circulation in the Sea of Okhotsk. In addition, heat and freshwater fluxes over the Sea of Okhotsk exhibit seasonal variability and their impact on the basin-scale circulation is corrected by sea ice cover.
By studying the energy of the ocean circulation, Ferrari and Wunsch (2010) have found that the considerable portion of this energy is associated with the mesoscale eddies in comparison with the large-scale circulation energy. In addition, the mesoscale eddies are responsible for the transport of heat and salt (Chelton et al. 2011) . The spatial scale of the mesoscale eddies is associated with the first baroclinic Rossby radius of deformation (λ 1 ) (Chelton et al. 1998) , which changes from 100-200 km at low latitudes to about 10 km at high latitudes. The causes and mechanisms of the mesoscale eddy generation were subject of numerous studies (Zhan et al. 2016; Yang et al. 2013; von Storch et al. 2012) . However, because of challenges associated with studies of the mesoscale eddies at high latitudes and marginal seas, this problem is far from complete. By investigating mesoscale variability both the World Ocean and marginal seas, one of the approaches is based on an analysis of the EKE budget. von Storch et al. (2012) have presented a methodology and carried out the comprehensive analysis of sources and sinks of the EKE in the World Ocean based on numerical simulations. Authors have estimated contributions of baroclinic and barotropic instabilities of the large-scale currents to the generation of the mesoscale variability. It was confirmed that the baroclinic instability of the large-scale circulation is a dominating mechanism of the mesoscale eddy generation (Stammer 1997) . Mesoscale eddies in the Sea of Okhotsk are the subject of high scientific interest. Ohshima et al. (2002) , based on satellitetracked drifter observations, showed that anticyclonic eddies with the diameter varying from 100 to 200 km dominate over the Kuril Basin and eddy kinetic energy (EKE) exceeds mean kinetic energy (MKE) from 3 to 20 times. Ohshima et al. (2005) have established that a major mechanism of the eddy generation over the Kuril Basin is the baroclinic instability of the tidal front induced by intense tidal mixing near the Kuril Straits. Ohshima and Wakatsuchi (1990) have investigated the mesoscale variability over the southwestern Kuril Basin near the Soya Strait and establish that the generation mechanism of this variability is the barotropic instability of the Soya Current. Uchimoto et al. (2007) have studied the impact of the Soya Current transport on the mesoscale variability. Thermal infrared images with very high spatial resolution have revealed features of the submesoscale variability (the eddy diameter ranging from 2 to 30 km) near the Kuril Islands (Nakamura et al. 2012) . In the abovementioned studies, the mesoscale variability in the Sea of Okhotsk was studied mainly during the ice-free period. Thus, the whole picture of the mesoscale variability of this sea is not fully uncovered.
In this study, based on numerical simulation outputs on an eddy-permitting resolution, the mesoscale variability is analyzed in the Sea of Okhotsk. Wind power input and baroclinic and barotropic instabilities of the ESC are considered as main sources of the EKE. The paper is organized as follows. Section "2" describes the model configuration. Validation of the model is presented in Section "3." Spatial distribution of the EKE in the Sea of Okhotsk is presented in Section "4." Rates of energy conversion and main sources of the EKE in the Sea of Okhotsk as well as a typical picture of the mesoscale variability on the eastern shelf of Sakhalin Island are presented in Section "5." Discussion of the impact of the sea ice cover on the EKE budget and the contribution of different factors in the EKE balance are presented in Section "5." Summary of the main results is presented in Section "6."
Model description
The numerical simulations are carried out with a numerical ocean model developed in the Institute of Numerical Mathematics of the Russian Academy of Sciences (the Institute of Numerical Mathematics Ocean Model or INMOM). The INMOM is a sigma-coordinate (σ ) model based on primitive equations of the ocean dynamics with hydrostatic and Boussinesq approximations (Marchuk et al. 2005; Gusev and Diansky 2014; Diansky et al. 2016; Zalesny et al. 2017) . Using the relations Z = σ h + ζ and h = H − ζ = Z σ and assuming that ζ H , we present briefly the basic model equations in the generalized coordinates (p, q) as the following:
where r q and r p are metric coefficients, γ = 1 r q r p V ∂r q ∂p − U ∂r p ∂q , g is the gravitational acceleration, U(U, V , ω) is the velocity vector, f is the Coriolis parameter, P a is the atmospheric pressure, ζ is the sea level deviation from its unperturbed state, H is the depth, and ν is the vertical viscosity. The transport operator (D t ) is the semidivergent symmetrized form (Zalesny et al. 2017 ) and the horizontal viscosity operator (F ) is the divergent form and includes the second-and fourth-order operators (Zalesny et al. 2017) . To avoid drawback of sigma coordinate models, horizontal pressure gradient components are calculated as the following (Marchuk et al. 2005) :
Equations 1-3 are complemented by the following equations:
where θ is the potential temperature; S is the salinity deviation from 35 ; p w is the water pressure; ρ 0 is the reference density amounting to 1025 kg m −3 ; R is the penetrative solar radiation flux; and ν θ and ν S are the vertical diffusivity of θ and S, respectively; D S and D θ are the horizontal operators of lateral diffusion of θ and S, respectively. Note that D S and D θ are the divergent forms. Equation of the water stateρ(θ, S + 35 , p w ) is a nonlinear equation (Brydon et al. 1999) , which enables reducing the drawback of sigma coordinate models (Marchuk et al. 2005) . INMOM incorporates a sea ice model, which accounts for the sea ice dynamics and its thermodynamics including the generation and melting of sea ice and transformation of snow to sea ice (Yakovlev 2003) . The algorithm of the numerical solution for the INMOM is based on the method of multi-component splitting (Marchuk et al. 2005) .
To simulate the circulation in the Sea of Okhotsk, we use the INMOM model with the horizontal resolution of about 3.5 km and 35 sigma-level thickening near the sea surface to resolve density stratification. The Sea of Okhotsk connects with the northwestern Pacific Ocean by means of the Kuril Straits, with the Japan/East Sea by means of the Soya and Tatar Straits. So, to avoid setting up the open boundary conditions in the Sea of Okhotsk Straits, the model domain spans the Sea of Okhotsk, Japan/East Sea, and the northwestern Pacific Ocean. To obtain quasiuniform spatial resolution, we use a spherical coordinate system with a pole, situated at the point with the coordinates of 25.5 • E, 22.4 • N. Thus, an equator of this coordinate system crosses the Sea of Okhotsk and the Japan/East Sea. Figure 1 shows the bottom topography of the model domain, which was extracted from the GEBCO dataset (Becker et al. 2009 ). To avoid the drawback of sigma models, we apply the nine-point smoothing of the model bottom topography 10 times. According to the bottom topography, the Sea of Okhotsk features the wide northern shelf, the deep Central Basin, and the deepest Kuril Basin situated in the southeastern part of this sea. Because the λ 1 is a spatial scale of mesoscale motions (Pedlosky 1987; Chelton et al. 1998; Stammer 1997) , in order to resolve these motions, a model spatial resolution has to resolve the λ 1 . Stepanov (2017) showed that λ 1 varies from 1.5 to 2 km over the northern shelf of the Sea of Okhotsk, from 8 to 10 km in the Central Basin, and from 18 to 20 km over the Kuril Basin. Thus, the used model resolution enables taking into account mesoscale variability in the Sea of Okhotsk, at least, southward of 52 • N. To avoid artificial reduction of the available potential energy associated with the deflection of isopycnal surfaces from the state of rest; for potential temperature and salinity, we use the geopotential Laplacian framework with the coefficient of 10 m 2 s −1 for both variables. Vertical turbulent processes are parameterized according to the Pacanowski-Philander parameterization (Pacanowski and Philander 1981) , where ν varies from 10 −4 to 2.5×10 −2 m 2 s −1 and ν θ equals ν S and varies from 10 −5 to 5×10 −3 m 2 s −1 . Convective mixing is parameterized by maximum viscosity and diffusivity, which amount to 2.5×10 −2 and 5×10 −3 m 2 s −1 , respectively.
Sensible and latent heat fluxes, short-and long-wave radiations, momentum flux, and net salt flux, containing precipitation, evaporation, and climatological runoff contributions, are derived with the bulk-formulae (Stepanov et al. 2014; Diansky et al. 2016; Large and Yeager 2009 ). Atmospheric parameters for atmospheric forcing were extracted from the ERA-Interim dataset (Dee et al. 2011) with the spatial resolution of 0.75 • × 0.75 • from 1979 to 2009. Wind speed at the height of 10 m and air temperature and absolute humidity at the height of 2 m have the time resolution of 6 h.
In this study, we used a model configuration (hereafter, Control experiment) taking into account only thermodynamics of the sea ice and the wind stress (τ wind ) is assessed under an open water approximation
where u wind and u s are the wind speed and sea surface velocity, respectively, ρ a is the air density amounting to 1.3 kg m −3 . The coefficient C D is set as following C D = (1.1 + 0.0004 · |u wind − u s |) · 10 −3 . At assessing the stress on the sea surface as according to relation Eq. 9, we neglect the stress between the sea ice and water. However, we will show that taking into account the sea ice cover at the estimation of wind stress does not result in significant qualitative and quantitative changes of the circulation in the Sea of Okhotsk. Under the long-term numerical simulations, the simulated potential temperature and salinity can deviate from their climatological values. In order to avoid these deviations, the simulated potential temperature and salinity averaged in the upper 20 m are nudged to their climatological monthly mean values with the relaxation parameter amounting to 10 −5 m s −1 for both variables. On solid boundaries, the no-normal flow and free-slip boundary conditions are applied and heat and salt fluxes are equal to 0. Near each open boundary, we reserve a region with width of about 1 • from the sea surface to the bottom, where the potential temperature and salinity, derived from the advection-diffusion equation, are nudged to their climatological monthly mean values with the relaxation parameter of 3 h. Note that we neglect the tidal impact on the circulation in the Sea of Okhotsk. Nonormal flow and free-slip boundary conditions are applied on the open boundaries. Initial potential temperature and salinity are extracted from the datasets Zweng et al. 2013 ). Preliminarily, we simulated a circulation during four years under yearly repeating atmospheric forcing corresponding to 1979. Initial conditions for potential temperature and salinity corresponded to June 1979. During four years the circulation in the Sea of Okhotsk and the Japan/East Sea attains a quasi-steady state. Numerical simulation outputs, obtained at the end of fourth year, were used as initial conditions for numerical simulations with the atmospheric forcing varying from 1979 to 2009. In this study, we analyze numerical simulation outputs from 2005 to 2009.
Model validation. General circulation and its variability
Let us consider a spatial structure of the long-term mean circulation in the Sea of Okhotsk obtained from the numerical simulations from 2005 to 2009. Figure 2 shows the long-term seasonal mean velocity field and the mean kinetic energy (MKE) at the sub-surface depth and their changes during the year. The MKE per unit mass is
where u and v are zonal and meridional velocity components, respectively. The overbar denotes the long-term monthly mean average (from 2005 to 2009). According to the numerical simulations, the basin-scale circulation consists of a northward current called the West Kamchatka Current (Matsuda et al. 2015) , which follows along the western coast of the Kamchatka peninsula, a boundary current over the northern shelf of the Sea of Okhotsk and a southward current following along the western boundary of this sea, which is known as the ESC. This current consists of alongshore and offshore components. The alongshore component originates in the northwestern part of the Sea of Okhotsk and follows along the eastern coast of Sakhalin Island up to the northeastern coast of Hokkaido Island (see, of the basin-scale circulation in the Sea of Okhotsk are consistent with those derived from drifter and altimetry data (Ohshima et al. 2002; Mizuta et al. 2003) as well as features obtained from numerical simulations both on the coarse resolution (Smizu and Ohshima 2006) and the finer resolution (Matsuda et al. 2015) . It should be noted that according to the study (Ohshima et al. 2002) , the turning of the offshore component took place at 48 • -51 • N. However, the turning of the offshore component obtained from our numerical simulations takes place southward of 48 • N. We suppose that this discrepancy results from the underestimation of the intensity of the offshore component due to insufficiently intensive wind stress derived from the ERA-Interim dataset.
The distribution of MKE indicates that the intensity of the ESC predominates on the intensity of the other parts of the basin scale cyclonic circulation of the Sea of Okhotsk. The ESC shows a pronounced seasonal variability with its maximum intensity in winter and its minimum intensity is observed in summer. The pronounced seasonal variability of the ESC is consistent with the seasonal variability of the ESC derived from the natural measurements (Mizuta et al. 2003) and obtained from the numerical simulations (Smizu and Ohshima 2006) . We estimated the transport of the ESC at 53.5 • N, which quantitatively characterizes the ESC intensity. Figure 3 shows the long-term monthly mean transport of the ESC (see, Fig. 3a ) and its monthly mean values from 2005 to 2009 (see Fig. 3b ). According to these estimations, the longterm annual ESC transport equals to about 3 Sv (1 Sv = 10 6 m 3 s −1 ), which is less than the ESC transport derived from the drifter data (from 4 to 9 Sv) (Ohshima et al. 2002 ). The ESC transport shows a pronounced seasonal variability. Maximum of the ESC transport, amounting to 4.1 Sv, is observed in winter (in January) and its minimum amounting to 1.5-1.7 Sv is observed in summer (in July). The pronounced seasonal variability of the ESC transport is consistent with that derived from current measurements (Mizuta et al. 2003) and obtained from numerical simulations both on the coarse (Smizu and Ohshima 2006) and finer resolutions (Matsuda et al. 2015) . However, we observe an underestimation of the ESC transport in winter. On the other hand, in summer, the ESC transport differs weakly from that derived from current measurements (Mizuta et al. 2003) . So, this underestimation could be a consequence of insufficiently intensive wind stress derived from the ERA-Interim dataset. Significant changes of the ESC transport are observed on interannual time scales. From 2005 to 2009, the maximum of the ESC transport varies from 6 to 4 Sv (see Fig. 3b ).
Let us consider a vertical structure of the simulated velocity field on the eastern Sakhalin shelf and compare this structure with that derived from current measurements (Mizuta et al. 2003) . Figure 4 shows the vertical structure of the meridional velocity derived from the numerical simulations when the ESC transport attains extremal values. According to this vertical structure, the alongshore component of the ESC features a typical velocity more 0.3 m s −1 near the sea surface in the northeastern part of Sakhalin Island. The offshore component of the ESC spreads over the continental slope, where the meridional velocity attains the values of 0.1-0.11 m s −1 in the upper layer from the sea surface to the depths of 150-180 m. The vertical structure of the long-term mean meridional velocity points out the underestimation of the intensity of the offshore component of the ESC.
In the end of this section, we consider a potential density field obtained from the numerical simulations. Figure 5 shows a vertical structure of the long-term mean simulated potential density on the zonal transect at 53 • N. We find that isopycnals rise from east to west and then drop to 400 m. It is consistent with the observations (Mizuta et al. 2003 ) and the numerical simulations on the coarse resolution (Smizu and Ohshima 2006) .
Thus, the validation of our numerical simulations showed that the used model configuration reproduces the basin-scale circulation in the Sea of Okhotsk with the underestimation of the offshore component of ESC. Therefore, the results of this study would be applicable, mainly, over the eastern Sakhalin shelf.
Eddy kinetic energy in the Sea of Okhotsk
In this section, we analyze the EKE in the Sea of Okhotsk estimated from numerical simulation outputs. Because the intensity of the circulation in the Sea of Okhotsk shows the pronounced seasonal variability (see Section "3"), we apply the long-term monthly mean averaging and "eddies" are defined as perturbations from the mean flow (10). In order to estimate the EKE, we used the relation
where u 2 and v 2 are the long-term monthly mean squares of the eddy components of velocities, respectively. The prime denotes a deflection from the mean value. These longterm monthly mean squares were estimated with the relation (von Storch et al. 2012)
where a and b are the analyzed variables (velocity components or the density deflection from the ρ 0 ). In relation (12), the analyzed variables and two-variable products were accumulated at every 24 h. Note that the interannual signal of the basin-scale circulation is included in the EKE under such definition of eddies (11-12). However, compared to the dominant seasonal variability of the basinscale circulation, its interannual variability is much weaker.
In addition, we established that EKE, averaged over the whole of the Sea of Okhotsk, is two times higher than MKE during the year. Thus, the contribution of the mesoscale variability into the EKE dominates over that of the interannual variability of the basin-scale circulation and the latter could be neglected. We consider four seasons: winter (December, January, and February), spring (March, April, and May), summer (June, July, and August), and autumn (September, October, and November). Figure 6 shows basin-averaged EKE and MKE profiles over the Sea of Okhotsk in winter and summer. In winter, maximal values of the EKE are observed near the sea surface and exceed up to two times maximal Figure 7 shows a spatial distribution of the EKE integrated in the upper 200 m during the year. We find that, in winter the EKE (see Fig. 7a ) reaches its maximum along the western boundary of the Sea of Okhotsk, and in the southwestern part of the Kuril Basin near the Kuril Straits. Note that near the western boundary of the Sea of Okhotsk, the spatial structure of EKE is much smoother than the spatial structure of MKE. The smoothness points out a large variability in the positions of mesoscale eddies and other time-varying features captured in EKE. The region with less high values of the EKE covers the continental slope up to 149 • E. These features of the spatial structure of EKE could be a consequence of variability of the basinscale currents captured in EKE in the northwestern Sakhalin shelf. Low values of the EKE are observed over the Kuril Basin, mainly, along the Kuril Straits and near the western coast of the Kamchatka peninsula. Note that high values of In summer, the EKE shows its minima over the Sea of Okhotsk under its maxima are observed along the western boundary of this sea. In autumn, the intensity of the mesoscale dynamics increases again. The EKE reaches its maxima along the western boundary of the Sea of Okhotsk, in the southern part of the Kuril Basin as well as the western boundary of the Kamchatka peninsula (see Fig. 7d ).
Thus, the mesoscale variability of the circulation in the Sea of Okhotsk is more intensive in the upper 200 m, where the EKE values are several times as high the MKE values in winter and up to eight times in summer. The EKE shows the pronounced seasonal variability with its maxima in winter and its minima in summer. According to the spatial distribution of the EKE integrated in the upper 200 m, its extremal values are observed along the western boundary of the Sea of Okhotsk during the year. We suppose that the observed intensive mesoscale variability could be driven by the hydrodynamic instability of the ESC, which could arise under the weakening of the ESC in response to the decrease of the wind stress from winter to summer. This weakening of the ESC was revealed with the velocity measurements (Mizuta et al. 2003) and the numerical simulation outputs on the coarse resolution (Smizu and Ohshima 2006) .
Eddy energy budget in the Sea of Okhotsk
At examining EKE in the closed basins, the general framework is based on an analysis of the EKE budget as proposed by von Storch et al. (2012) . By considering components of the EKE budget, we can assess sinks and sources of the EKE and its dissipation as well as energy conversions between various components of total energy. These estimates are very important at analyzing the mesoscale variability of the circulation as well as heat and freshwater budgets in the Sea of Okhotsk. In this study, impacts of hydrodynamic instability of the basinscale circulation and wind power input are considered as major sources of the EKE in the Sea of Okhotsk.
To present the EKE budget equation, we consider the known system of equations of the ocean circulation. This system, formulated in the Boussinesq and hydrostatic approximations, has a form
Here, u h and w are the vectors of horizontal velocities and vertical velocity, respectively, k is the vertical single vector, p is the pressure and F h is the turbulent viscosity, and ∇ h is the horizontal nabla operator. According to these studies (Yang et al. 2013; Zhai and Marshall 2013) , the solution of Eq. 13 can be presented as a sum of two components: time-mean and time-varying (turbulent) components. The EKE budget equation with its sources and sinks as well as energy conversion paths has a form
where u is the three-dimensional velocity. In Eq. 14, the first term on the right-hand side (RHS), −ρ w g, denotes the rate of energy conversion from eddy available potential energy (EPE) to EKE and measures the strength of baroclinic instability. The second term on the RHS, u h · F h denotes the time-varying component of wind forcing and internal turbulent viscosity induced by sub-grid processes. Last term on the RHS, −ρ 0 u h · (u · ∇u h ) = −ρ 0 u 2 ∂u ∂x + v 2 ∂v ∂y + u v ∂v ∂x + ∂u ∂y − ρ 0 u w ∂u ∂z − v w ∂v ∂z , denotes the kinetic energy exchange between the mean current and eddies, the latter of which represents the energy transfer due to vertical shear instabilities. This term is fairly small compared to the former.
The first term of Eq. 14 on the left-hand side (LHS), ∇ · p u , denotes the pressure work. The second term on the LHS, ρ 0 2 ∇(u · u 2 h ), characterizes the change of the EKE induced by advection of the mean current; the third term on the LHS, ρ 0 ∂ ∂t u 2 h 2 , denotes the tendency of the EKE.
Eddy energy from the mean currents in the Sea of Okhotsk
According to the results of Section 4, the EKE reaches its maximum along the western boundary of the Sea of Okhotsk. We suppose that hydrodynamics instability (baroclinic and barotropic) of the alongshore component of the ESC induces the intensive mesoscale variability. To confirm this supposition, two quantities are analyzed in this section. The first quantity (BC) quantitatively estimates the rate of energy conversion from mean available potential energy (MPE) to EPE and characterizes baroclinic instability. The second quantity (BT) is linked with the rate of energy conversion from MKE to EKE and characterizes barotropic instability. To estimate the BC, we use the following relation (Thomson 1984; Eden and Boning 2002; Zhan et al. 2016) :
where N 2 is the basin-averaged square of the buoyancy frequency, and ρ is the density deflection from ρ 0 . To assess an eddy density flux (u h ρ ), we used relation (12). According to relation (15), negative BC indicates that EPE is converted to MPE, when u h ρ is directed in the same direction with the horizontal gradient of the mean density. On the other hand, when the BC>0, then u h ρ is against the direction of the mean density gradient, that is, MPE is converted to EPE. Figure 8 shows a spatial distribution of the BC, integrated in the upper 200 m, during the year. We find that BC reaches its maximum along the western boundary of the Sea of Okhotsk in winter, where the energy conversion between MPE and EPE predominates on the energy conversion from EPE to MPE. In other regions of the Sea of Okhotsk, BC magnitudes are two times less than those along the western boundary of this sea. In spring, BC distribution is inhomogeneous. It indicates that both EPE is converted to MPE and MPE is converted to EPE. In summer, BC reaches its minimum. In autumn, high magnitudes of BC are observed in the northwestern part of the Sea of Okhotsk.
To analyze a contribution of the horizontal shear of the ESC, associated with barotropic instability, BT is estimated according to relation (14) as the following:
Positive BT characterizes the rate of energy conversion from MKE to EKE and negative BT characterizes the rate of energy conversion from EKE to MKE. Figure 9 shows a spatial distribution of BT, integrated in the upper 200 m, during the year. We find that BT reaches its extremum in winter and autumn. In summer, we observed BT minima.
BT maxima are observed in the region of the narrow continental shelf and high horizontal shear of the ESC in the northwestern Sakhalin Island. The BT distributions are inhomogeneous, that is, regions with energy conversion from MKE to EKE alternate with regions, where EKE is converted to MKE. The comparison of the distributions of BC (see Fig. 8 ) and BT (see Fig. 9 ) points out that along the western boundary of the Sea of Okhotsk, the energy conversion from MPE to EPE predominates over the energy conversion from MKE to EKE in the first half of the year. The distributions of BC are more homogeneous in contrast to those of BC. Inhomogeneity of BT distributions reduces its integral contribution to the EKE in contrast to the integral contribution of the BC. Note that along the western boundary of the Sea of Okhotsk, BT is one magnitude larger than BC. Thus, the presented results indicate that barotropic instability and baroclinic instability can be responsible for the mesoscale variability along the western boundary of the Sea of Okhotsk. Ohshima et al. (2004) showed that wind stress plays the leading role in the generation of the basin-scale circulation in the Sea of Okhotsk. Positive wind stress curl drives the cyclonic gyre in the central part of the Sea of Okhotsk and the alongshore wind stress component induces the barotropic component of the alongshore branch of the ESC (see Fig. 10a ). Seasonal variability of wind stress features the monsoon circulation over the Sea of Okhotsk (see Fig. 10b-d) and drives a strong seasonal variability of the circulation in the Sea of Okhotsk (see Fig. 2 ), in particular, seasonal variability of the ESC transport (Smizu and Ohshima 2006) . It is supposed that wind power input can be one of the major sources of the EKE and mesoscale variability in the Sea of Okhotsk.
Sources of the EKE in the Sea of Okhotsk
According to the EKE budget Eq. 14, one of the sources of the EKE is the wind power input, which is associated with (u h · F h ). We estimate this source of the EKE as the following. According to the studies (Huang et al. 2006; Zhai et al. 2012; Wunsch 1998) ,
where τ x , τ y are the wind stress components. Relation (17) can be presented as the following:
Here, G 1 denotes the rate of energy conversion from wind energy to MKE and G 2 denotes the rate of energy conversion from wind energy to EKE, where τ denotes a time-varying component of wind stress. Positive G 2 indicates that the time-varying component of wind stress promotes increasing the EKE on the sea surface and negative G 2 indicates that the time-varying component of wind stress prevents increase of the EKE on the sea surface. Note that in contrast to the approach, presented in these studies (Wunsch 1998; Zhai et al. 2012; Huang et al. 2006 ), instead of the Fig. 10 Long-term seasonal mean wind stress (vector, N m −2 ) and wind stress curl (10 −7 N m −3 ) over the Sea of Okhotsk extracted the ERA-Interim dataset accounting for the numerical simulation outputs geostrophic velocities, we used sea surface velocities. According to the G 2 distribution, it reaches its maximum in winter (see Fig. 11a ). Intensive energy exchange between the time-varying component of wind stress and EKE occurs in the northeastern, southeastern, and western parts of the Sea of Okhotsk. In spring, the G 2 magnitudes decrease over the whole basin (see Fig. 11b ). However, high magnitudes of G 2 occur along the western boundary of the Sea of Okhotsk. In summer, G 2 decreases significantly and reaches its minimum over the whole basin, except in a small region, situated along the western boundary of the Sea of Okhotsk (see Fig. 11c ). In autumn, the intensity of energy exchange between the time-varying wind stress component and EKE increases in the northern, western, and eastern parts of the Sea of Okhotsk (see Fig. 11d ). Thus, G 2 shows its extreme positive values along the western boundary of the Sea of Okhotsk in winter and in summer; that is, the time-varying wind stress promotes increase of the EKE. High values of the G 2 in comparison with BC values (see Fig. 8 ) and BT values (see Fig. 9 ) indicate a leading role of the time-varying wind stress in the generation of the EKE along the western boundary of the Sea of Okhotsk.
In the preceding subsection, we established that BC magnitudes exceed those of BT and baroclinic instability can be a leading intrinsic source of mesoscale variability over the eastern Sakhalin shelf. According to the study (Zhan et al. 2016 ), a mechanism of baroclinic instability consists of two stages. On the first stage, the energy conversion from MPE to EPE is realized. On the second stage, EPE is converted to EKE. The intensity of this energy conversion is characterized by a source of the EKE budget Eq. 14, which is given by the relation
where w is the time-varying vertical velocity and ρ is the time-varying density component. Positive −ρ w g points out denser (later) water masses associated with downward (upward) movements. Figure 12 shows a spatial distribution of −ρ w g, integrated in the upper 200 m, during the year. −ρ w g reaches its maximum along the western boundary of the Sea of Okhotsk in winter. The region, where −ρ w g reaches its maximum, covers the shelf zone on the western boundary of this sea. In spring, the rate of energy conversion from EPE to EKE decreases in the southwestern part of the Sea of Okhotsk and a distribution of −ρ w g is inhomogeneous. In summer, minimal magnitudes of −ρ w g are observed over the whole basin. In autumn, the rate of energy conversion from EPE to EKE increases again along the western boundary of the Sea of Okhotsk and reaches its wintertime magnitudes. However, the distribution of the −ρ w g is strongly inhomogeneous in contrast to that in winter. Thus, our analysis of EKE sources shows that the time-varying wind stress component predominates on the other sources of the EKE in the Sea of Okhotsk. However, the domination of the energy conversion from MPE to EPE over the energy conversion from MKE to EKE in winter and autumn, as well as high magnitudes of −ρ w g, indicates the importance of baroclinic instability in the generation of mesoscale variability along the western boundary of the Sea of Okhotsk.
Mesoscale eddies on the eastern shelf of Sakhalin Island in spring 2005
In preceding sections, we established that the ESC manifests hydrodynamic instability in winter. In this section, the results of baroclinic instability on the eastern shelf of Sakhalin Island from January to May 2005 are presented. To demonstrate these results, the simulated circulation is considered along the western boundary of the Sea of Okhotsk.
Let us consider velocity field and vertical component of relative vorticity vector (hereinafter, relative vorticity) which is estimated from the numerical simulation outputs as following the relation ξ = 1 f ( ∂v ∂x − ∂u ∂y ), where f = 2 sin ϑ, ϑ is the latitude, and is the Earth rotation rate. Figure 13 shows velocity and ξ fields at the depth of 20 m on 9 April 2005. According to the presented velocity field, three eddy structures originate over the eastern Sakhalin shelf. In the moment of their originating, the alongshore component of the ESC follows along the isobaths, ranging from 200 to 240 m, with a mean current velocity amounting to 0.25-0.3 m s −1 . In the relative vorticity field, spots with negative ξ , amounting to about -0.3, and associating with these eddy structures, are observed. Negative ξ indicates that these eddy-like structures are anticyclonic eddies. Figure 14 shows vertical structures of the ξ , v, and ρ on three zonal transects crossing the eastern shelf of Sakhalin Island (see Fig. 13 ). The observed eddy structures are characterized by negative ξ , manifesting in the upper layer from 50 to 200 m, depending on the zonal transect. An analysis of evolution of these anticyclonic eddies shows that they collapse in the middle of May. Thus, a mean lifetime of these eddies amounts to 45 days. To assess a spatial scale (L eddy ) of these eddies, the horizontal scale, where meridional velocity changes its sign, is estimated. Under the mean magnitudes of meridional velocity on the periphery of these eddies varying from 0.26 to 0.42 m s −1 , the mean According to these studies (Chelton et al. 1998; Stammer 1997) , a characteristic spatial scale of mesoscale eddies is close to λ 1 . Let us compare L eddy with λ 1 , which is estimated with the relationship (Chelton et al. 1998) ,
where c 1 is the first eigenvalue satisfying the boundary value problem
Here, a vertical coordinate z directs from the center of the Earth and φ 1 (z) is the first eigenfunction of boundary value problem (21) . In this study, the boundary value problem is numerically solved for monthly mean N(z) profiles, averaged on three zonal transects (see Fig. 13 ), in April 2005. According to these estimations, λ 1 varies from 8 to 12 km. Thus, L eddy and λ 1 are of the same order. In addition, the Rossby number varies from 0.2 to 0.3, that is, these eddy-like structures cover by the quasi-geostrophic dynamics as yet. Therefore, the observed anticyclonic eddies are the mesoscale anticyclonic eddies.
Discussion
We analyzed the mesoscale variability in the Sea of Okhotsk based on the numerical simulation outputs of the Control experiment, which was carried out under the open water approximations (9). Let us consider whether eddy kinetic energy budget changes when the stress on the sea surface takes into account the sea ice cover (hereafter, the ICE experiment). In this case, the stress over the sea surface is derived with a bulk formula
where τ wind is the wind stress over the open water (9), A 0 denotes the ice-free area fraction, and τ ice is the ice-water stress estimated with a bulk formula
where u ice is the sea ice velocity, C ice = 5.5 × 10 −3 . Initial conditions for model variables correspond to their values on 31 December 2004, derived from the Control experiment. Numerical simulations were carried out from 2005 to 2009. At first, we consider the long-term monthly mean velocity field and the MKE integrated in the upper 200 m derived from the ICE experiment (see Fig. 15 ). According to these distributions, the cyclonic circulation predominates in the Sea of Okhotsk. Along the western boundary of this sea, we observe the ESC that consists of alongshore and offshore components. The offshore component is a part of the cyclonic gyre spanning the Central Basin of the Sea of Okhotsk. The alongshore component follows over the eastern Sakhalin shelf and reach the northeastern coast of Hokkaido Island. The features of the basin-scale circulation and its intensity derived from the ICE experiment are very similar these derived from the Control experiment. In addition, the seasonal variability of the basin-scale circulation from the ICE experiment is consistent with the basin-scale circulation from the Control experiment. However, the alongshore component of the ESC from the Control experiment is more intensive than that derived from the ICE experiment. Thus, the basin-scale circulation structure and its intensity are changed insignificantly when the stress on the sea surface accounting for the sea ice cover.
Let us consider spatial features of the EKE distribution derived from the ICE experiment. Figure 16 shows a difference between the EKE derived from the Control experiment and that derived from the ICE experiment. We find that the maximal difference (about 10%) is observed, mainly, over the eastern Sakhalin shelf and over the continental slope; the difference does not exceed 3% in winter and spring. In the second half of the year, this difference is minimal (about 1%). Thus, accounting for the sea ice cover at the estimation of the stress leads to the insignificant decreasing of the intensity of the mesoscale variability along the western boundary of the Sea of Okhotsk in the first half of the year. Let us consider the EKE and MKE integrated over the Sea of Okhotsk for both experiments (see Fig. 17 ). We find that, for both experiments, the EKE is several times as high as the MKE. In addition, the pronounced seasonal variability of the EKE and MKE is observed for both experiments. Maximal values of the EKE and MKE are observed from autumn to winter and their minimal values are observed in summer. Our comparison shows that significant differences between both the MKE and the EKE are observed from January to April due to the sea ice cover. In the Control experiment, the circulation energy is overestimated. However, this overestimation is insignificant (no more 10%).
In the end of this section, let us consider the contribution of each component of the EKE budget in its balance. We estimated rates of energy conversion and two EKE sources, integrated in the upper 200 m on the eastern Sakhalin Table 1 ). According to these estimations, a major contribution in the EKE generation brings in the timevarying wind power input (about 4 GW), and the rate of energy conversion from MPE to EPE amounts to about 1 GW, as well as the rate of energy conversion from EPE to EKE amounts to 0.2 GW. Negative BT points out a domination of the EKE to MKE conversion and the rate of this conversion amounts to less −0.005 GW. Low rate of this energy conversion results from high inhomogeneous of the BT distribution (see Fig. 9 ). Minimal values for all variables were observed in summer. Note that a ratio between contributions of the different components of the EKE budget persists in the ICE experiment. Table 1 Seasonal mean rate of energy conversion between EPE and EKE (−ρ w g), rate of energy conversion between wind energy and EKE (τ · u s ), rate of energy conversion between MPE and EPE (BC), and rate of energy conversion between MKE and EKE (BT ) integrated from the sea surface to the depth of 200 m on the eastern Sakhalin shelf Comprehensive analysis of the spatial and temporal variability of the simulated circulation on the western boundary of the Sea of Okhotsk confirmed that East-Sakhalin Current consists of alongshore and offshore components. The alongshore component, originating on the northwestern shelf of the Sea of Okhotsk, follows over the eastern Sakhalin shelf and reaches the northeastern coast of Hokkaido Island. The offshore component of the East-Sakhalin Current follows over the continental slope and turns to the east at 47 • -48 • N. Numerical simulations revealed a pronounced seasonal variability of the transport of the East-Sakhalin Current, which reaches its maximum (about 6 Sv) in winter and decreases up to 1-1.5 Sv in summer. Analysis of the vertical structure of the simulated potential density revealed that isopycnals rise from the east to the west and sharply drop near the western boundary of the Sea of Okhotsk. It is consistent with the vertical structure of the density derived from observations and confirms that the simulated offshore component is an analog of the western boundary current. Analysis of the eddy kinetic energy pointed out that the intensive mesoscale variability is observed in the upper 200 m. The EKE values exceed the MKE values in the course of year.
The EKE showed a pronounced seasonal variability with maximal values in winter and minimal values in summer. Spatial distribution of the EKE integrated in the upper 200 m showed that in the course of year its maximal values were observed along the western boundary of the Sea of Okhotsk and associated with the alongshore component of the East-Sakhalin Current. Spatial distribution of the rate of energy conversion from MKE to EKE (BT) characterizing mechanism of barotropic instability showed that BT reaches its extremal values in winter and autumn and its minimal magnitudes were observed in summer along the western boundary of the Sea of Okhotsk. Spatial distributions of BT were strongly inhomogeneous. It points out that the eastern Sakhalin shelf is a zone of intensive conversion between the MKE to EKE and EKE to MKE. In summer, the rate of energy conversion from MKE to EKE decreases notably due to the weakening of the East-Sakhalin Current and its horizontal shear. To analyze the baroclinic instability, we considered two characteristics: BC and −ρ w g. It was established that a high rate of conversion from MPE to EPE was observed on the eastern Sakhalin shelf in winter. Domination of positive values of the BC indicates that the conversion from MPE to EPE predominates on the contrary conversion from EPE to MPE. The rate of energy conversion from EPE to EKE reaches its maximum in winter. The maximal values of −ρ w g are associated with the East-Sakhalin current and cover the whole eastern Sakhalin shelf in winter. In autumn, the region with maximal values of −ρ w g is narrowed. Because the basin-scale circulation in the Sea of Okhotsk and its seasonal variability are driven by wind stress, we considered a time-varying component of the wind power as one of the main sources of the EKE. According to distributions of the time-varying wind power component, its maximal values were observed on the eastern Sakhalin shelf and in the northeastern part of the Sea of Okhotsk. In summer, the time-varying wind power component reaches its minimal values and increases in autumn.
Comparison of the rates of energy conversion and two EKE sources, integrated in the upper 200 m on the eastern Sakhalin shelf, showed that major sources of the EKE are the time-varying wind power input and baroclinic instability characterized by the pronounced seasonal variability. A leading role of baroclinic instability relative to barotropic instability in the generation of the EKE along the western boundary of the Sea of Okhotsk is consistent with the importance of this mechanism in the generation of the mesoscale variability both the World Ocean and marginal seas (Stammer 1997) . The direct action of wind, particularly, its time-varying component, also plays a leading role in the generation of the EKE.
To reveal a manifestation of the baroclinic instability mechanism on the eastern Sakhalin shelf, we analyzed velocity and relative vorticity fields in spring 2005. We established that from March to April, the anticyclonic mesoscale eddies were generated on the eastern Sakhalin shelf. Spatial scales of these eddies, varying from 25 to 34 km and their lifetime equals about 45 days. These observed anticyclonic mesoscale eddies generate an eddy buoyancy flux that relates closely with the eddy heat flux (Wolfe et al. 2008) . Intensive vertical eddy buoyancy flux results in more intensive vertical mixing on the eastern Sakhalin shelf. Thus, the revealed features of mesoscale dynamics point out more complicated dynamics on the eastern Sakhalin shelf, which need to take into account under analyzing advection of the dense shelf water by the East-Sakhalin Current and ecosystem of the eastern Sakhalin shelf and its evolution. Funding information This work was supported by the RFBR (projects N 17-05-00035 and N 18-05-01107), and a part of the work was supported by the POI FEBRAS Program "Mathematical simulation and analysis of dynamical processes in the ocean" No. 117030110034-7.
